Newly published papers by Polier et al. in Cell and by Schuermann et al. in Molecular Cell present structures of Hsp110:Hsp70 complexes that reveal a compelling picture for the mechanism of nucleotide exchange in Hsp70s of the eukaryotic cytosol.
Diverse molecular chaperones participate in protein folding and other processes controlling polypeptide conformation, and the 70 kDa heat-shock proteins (Hsp70s) are the most universal of chaperones. Hsp70 chaperones function in ATPdriven cycles of polypeptide binding and release: ATP binding elicits polypeptide substrate release, substrate rebinding stimulates ATP hydrolysis, and replacement of the ADP and inorganic phosphate (P i ) products by ATP completes the cycle. Typically, nucleotide exchange in Hsp70s is affected by nucleotide exchange factors (NEFs). Various Hsp70 NEFs have been characterized and crystal structures have been described for a few Hsp70:NEF complexes. Recent studies show that Hsp110 proteins are the most effective NEFs for Hsp70s of the eukaryotic cytosol (Raviol et al., 2006; Dragovic et al., 2006; Shaner et al., 2006) . Now, from the structures of two Hsp110:Hsp70 complexes (Polier et al., 2008; Schuermann et al., 2008) , we can see in atomic detail the elegant mechanism by which Hsp110s elicit nucleotide exchange in Hsp70s.
Characteristics of Hsp70 chaperone activity are determined by the lifetimes of its states, and these lifetimes are regulated by cochaperones as well as intrinsic Hsp70 activities and affinities. The situation is analogous as for small G proteins, where guanine exchange factors (GEFs) promote GTP for GDP exchange and guanine activating proteins (GAPs) accel-erate GTPase activity. For G proteins, the active state is G(GTP), initiated by the GEF and terminated by the GAP. For Hsp70s in protein folding, Hsp70(ADP, polypeptide) can be considered to be the ''active'' state, wherein an aggregation-prone substrate is captured with high affinity and given the chance to disentangle. The time constant for folding depends on the frequency of Hsp70 release and rebinding events. Intrinsic ATPase activity is low in Hsp70s, but polypeptide and cochaperone Hsp40 bindings promote hydrolysis synergistically for productive substrate entrapment. Although Hsp70s have greater affinity for ATP than for ADP, and cellular concentrations are many-fold higher for Structure 16, August 6, 2008 ª2008 Elsevier Ltd All rights reserved 1153 Structure ATP than for free ADP, nucleotide exchange is not favored because ADP release only follows P i release and high concentrations of cellular P i are inhibitory. NEFs are essential to complete the Hsp70 chaperone cycle, and folding dwell times are tuned by NEF levels and properties.
Hsp70s are found in all forms of life, excepting certain archaea, and in all cellular compartments of eukaryotes. Canonical Hsp70s are highly conserved (>40% pairwise sequence identity) and they further divide into three subfamilies ( Figure 1) : one from the eukaryotic cytosol (or nucleus), a second from the endoplamic reticulum (ER), and a third from prokaryotes, mitochondria, and chloroplasts. Each Hsp70 comprises an N-terminal nucleotide-binding domain (NBD) having the ATPase activity and a C-terminal substrate-binding domain (SBD) that binds polypeptides at short hydrophobic segments. Prototypic crystal structures have provided a framework for understanding Hsp70 biochemistry. The NBD prototype is that from bovine Hsc70 (bHsc70) (Flaherty et al., 1990) . It is built up from two structurally similar lobes (I and II) having two subdomains each (IA, IB, IIA, and IIB). ADP and P i are bound at the interface between lobes, contacting all four subdomains. The SBD prototype is that from Escherichia coli Hsp70 DnaK (Zhu et al., 1996) . It has a compact b-sandwich sub-domain (SBDb) followed by an extended a-helical subdomain (SBDa). A heptapeptide substrate is bound in a channel defined by SBDb loops and closed over by SBDa.
Hsp110s prove to be remote relatives of Hsp70s, having clearly homologous NBDs and structurally similar SBD subdomains (Liu and Hendrickson, 2007) . ER proteins represented by Grp170 and yeast Lhs1 are even more distant members in this Hsp70 superfamily. Studies showing Lhs1 to be the NEF for ER-Hsp70 Kar2 (Steel et al., 2004) gave the clue that Hsp110s might serve as NEFs for Hsp70s in the eukaryotic cytosol. Known NEFs for prokaryotic/mitochondrial Hsp70s are GrpE-like and not Hsp70 relatives, but Hsp70-like NEFs appear to serve a vital role in other compartments (Figure 1) .
The two new structures are similar but distinct. Each is the heterologous complex of yeast Hsp110 Sse1 with a mammalian Hsp70, human Hsp70 (hHsp70) (Polier et al., 2008) , or bHsc70 (Schuermann et al., 2008) , and each partnership is shown to be functional as for the natural yeast Sse1:Ssa1 system. Both Sse1 constructs are essentially full-length, but whereas the hHsp70 construct (1-382) is of NBD alone, the bHsc70 construct (1-554) also includes a truncated SBD. SBD(Hsc70) positioning seems unrelated to NEF activity. The hHsp70 complex was determined by selenomethionyl MAD phasing and refined at 2.3Å resolution; the bHsc70 complex was determined by molecular replacement and refined at 3.1Å resolution. Perhaps most importantly, the two complexes differ in nucleotide preparation. The hHsp70 complex was formed in the presence of excess ATP, leading to Hsp110(ATP): Hsp70(apo), whereas the bHsc70 complex was formed in 1mM ADP with beryllium fluoride reagents, leading to Hsp110(ADP: BeF x ):Hsp70(ADP). In principle, the former is an authentic exchange state and the latter might capture a ''prerelease'' intermediate.
Both Hsp110:Hsp70 complexes have similarly remarkable structures. Partner NBDs face one another in quasi-diad symmetry (superposition by rotation c = 166.5 and translation t c = 1.2Å for the hHsp70 complex) and, while retaining its free-state conformation, SBDa of Hsp110 draws the NBD IIB subdomain of Hsp70 into an embrace (Figure 2A) . Contacts are extensive and intimate, by our calculations burying 3260 Å 2 from 103 residues into the Hsp110:hHsp70 interface and 3440 Å 2 from 90 residues into the Hsp110:bHsc70 NBD interface. Shape complementarity is much greater with hHsp70 (0.74) than with bHsc70 (0.64). Overall complementarity depends on Hsp110 being in the ATP-bound conformation and on Hsp70 having substantial displacements of lobe II subdomains. Hsp110 in the hHsp70 complex is nearly identical to the free state, differing by 3.6 rotation in IIB and 8.2 rotation in the SBDa tip; these parts are further displaced in the bHsc70 complex. It seems that ADP:BeFx is a good, but not perfect, ATP analog for Hsp110. In contrast to Hsp110, Hsp70 changes conformation substantially; hHsp70(complex) moves relative to hHsp70(ADP) by rotations of 20.8 , 8.9 , and 2.8 for IIB-IIA, IIA-IA, and IA-IB, respectively. In its state with excess ADP (phosphate-free), bHsc70(complex) undergoes markedly different conformational changes (6.7 , 11.4 , and 4.2 , respectively) ; consequently, its binding to Hsp110 is shifted relative to hHsp70 (complex), by c = 5.9 and t c = 1.4 Å .
The exchange mechanism that emerges from these studies centers on the quasidiad elegance of Hsp110(ATP):Hsp70(apo) complementarity (Figure 2A ). Hsp110 must be in the ATP state for NEF function (Shaner et al., 2006) , and it retains ATP after Hsp70(ATP) release; ATP hydrolysis is not involved (André asson et al., 2008) . The exchange state is incompatible with the normal Hsp70(ADP) conformation, and this association displaces ADP (perhaps via a bHsc70[complex]-like intermediate).
The exchange complex has a ready-made pore through which ATP can bind. The exchange state is incompatible with the Hsp70(ATP) conformation, which we showed to be like Hsp110(ATP) and could also include SBDa(Hsp70):NBD(Hsp110) clashes. Thus, Hsp70(ATP) is released. Hsp70 conformational transitions in the Hsp110-mediated exchange reaction are summarized in Figure 2B .
The fascinating Hsp110:Hsp70 exchange complex also provides us with an evolutionary pathway from Hsp70s to Hsp110s whereby the Hsp110(ATP) state is an evolutionary vestige of an Hsp70(ATP) state that happened to function as an NEF. This idea also prompts the question whether some extant Hsp70s might also function as Hsp110-like NEFs for other Hsp70s. We note in this context that Hsp70 Ssa1, like Hsp110 Sse1 but unlike Hsp70 Dnak, requires a straightenable aB1-aB2 helix (Liu and Hendrickson, 2007) .
